The progesterone receptor (PR) regulates transcriptional programs that drive proliferation, survival, and stem cell phenotypes. Although the role of native progesterone in the development of breast cancer remains controversial, PR clearly alters the transcriptome in breast tumors. This study identifies a class of genes, Interferon (IFN)-stimulated genes (ISGs), potently downregulated by ligand-activated PR which have not been previously shown to be regulated by PR. Progestin-dependent transcriptional repression of ISGs was observed in breast cancer cell line models and human breast tumors. Ligand-independent regulation of ISGs was also observed, as basal transcript levels were markedly higher in cells with PR knockdown. PR repressed ISG transcription in response to IFN treatment, the canonical mechanism through which these genes are activated. Liganded PR is robustly recruited to enhancer regions of ISGs, and ISG transcriptional repression is dependent upon PR's ability to bind DNA. In response to PR activation, key regulatory transcription factors that are required for IFN-activated ISG transcription, STAT2 and IRF9, exhibit impaired recruitment to ISG promoter regions, correlating with PR/ligand-dependent ISG transcriptional repression. IFN activation is a critical early step in nascent tumor recognition and destruction through immunosurveillance. As the large majority of breast tumors are PR positive at the time of diagnosis, PR-dependent downregulation of IFN signaling may be a mechanism through which early PRpositive breast tumors evade the immune system and develop into clinically relevant tumors.
Introduction
There is an emerging role for the ovarian steroid hormone, progesterone, and its receptor, the progesterone receptor (PR), in the development of breast cancer (1) (2) (3) . Clinical data have shown increased breast cancer incidence in women taking postmenopausal hormone replacement therapy (HRT) whose combined regimens included estrogen and progestins; this increased risk was not present in women taking estrogen-only HRT (4) . Although much debate continues regarding the role for native progesterone in breast cancer development, it is clear that PR, alone or in combination with the estrogen receptor (ER), affects the transcriptional landscape of breast cancer (5) (6) (7) (8) .
PR is a ligand-activated transcription factor that binds DNA either directly through progesterone response elements (PRE), or indirectly through tethering interactions with other transcription factors. These interactions, together with the recruitment of transcriptional coregulators, lead to transcriptional activation or repression of PR target genes. In the breast, these PR-dependent gene programs can drive proliferation, cell survival, and mammary stem cell self-renewal (reviewed in ref. 3) . The mechanisms for PR-dependent transcriptional activation have been well studied, while PR-mediated transcriptional repression, especially direct repression in response to ligand, remains less understood.
Interferon (IFN) signaling is a critical response of the innate immune system, which typically occurs following pathogen detection. Following IFN (types I-III) production and binding to their cognate receptors, a signaling cascade mediated by JAK/STAT is initiated, culminating in a transcriptional response whose gene products aid the cell in responding to a pathogenic threat. The genes activated in response to IFNs are collectively called IFN-stimulated genes (ISG; reviewed in ref. 9) . In response to type I IFNs, such as IFNa, a heterodimeric receptor [IFNAR1 (IFNa receptor 1) and IFNAR2] complex is activated/autophosphorylated in response to ligand, promoting JAK1/tyrosine kinase 2 (TYK2)-dependent phosphorylation of STAT1 and STAT2. Phosphorylated STAT1 and STAT2, together with IFNregulatory factor 9 (IRF9), form a transcriptional complex referred to as IFN-stimulated gene factor 3 (ISGF3), which binds to DNA sequences within ISG promoter regions, referred to as IFN-stimulated response elements (ISRE). Binding of ISGF3 to ISREs leads to transcription of ISGs, preparing the cell with a diverse response to viral infection. IFN signaling activation and ISG expression has also been detected in human tumors, independent of viral infection. The role of IFN signaling in human tumors is not well known and remains an area of intense research (10) . The cancer immunoediting hypothesis postulates that IFN signaling is an early step required for immune-recognition and subsequent destruction of nascent tumors by immunomodulatory cells (11) . Alterations in immunosurveillance, recognition, and destruction may have dramatic effects contributing to the development of clinically overt tumors. This effect appears to be most prominent in the early stages of tumor development. The opposite phenotype is seen in advanced, therapy-resistant tumors: evidence of IFN signaling (high ISG levels) is associated with a range of tumor types, including breast, that have escaped chemotherapy, radiation, or immunotherapy (12) . Herein, we present evidence of a novel role for PR in mediating transcriptional repression of ISGs. This newly described activity of PR has significant clinical implications for immune evasion and development of PR-positive human breast tumors.
Materials and Methods

Cell lines and constructs
T47D-co, T47D-Y, T47D-YB, T47D-YA, and Hela-PR cells have been described previously (13, 14) and were a generous gift from Dr. Carol Lange (University of Minnesota, Minneapolis, MN). T47D cells (unmodified) were obtained from ATCC and cultured as recommended. Cell line authentication is currently under way. MDA-MB-231 cells were maintained in Minimum Essential Media (MEM; CellGro) supplemented with 5% FBS, 1% penicillin/streptomycin, 1% nonessential amino acids, and 6 ng/mL insulin (cMEM). BT549 cells were maintained in RPMI1640 Media (CellGro) supplemented with 10% FBS, 1% penicillin/streptomycin, 1% nonessential amino acids, and 6 ng/mL insulin. The PR-mDBD construct was a generous gift from Dr. Kathryn Horwitz (University of Colorado, Denver, CO). Cells were treated with the following reagents (when applicable): R5020 (10nmol/L; Sigma), human recombinant IFNa (Sigma-Aldrich, SPR4594).
Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was performed using the javaGSEA desktop software; the c2 Molecular Signatures Database (MSigDB) version 5.2 was queried (15, 16) . Dataset files (GEO accession number:GSE46850) were developed on the basis of normalized Illumina expression intensities from cells that constitutively express wt PR-B (T47D-YB cells), as published in ref. 13 . Specifically, the log2-transformed expression values were compared for two phenotypes: T47D-YB EtOH (vehicle) and T47D-YB R5020. GSEA was executed using the default settings, except the permutation type was set to Gene_set with 1,000 permutations, and the metric for ranking genes was set to Diff_of_Classes, because normalized expression data was log2 transformed. Leading Edge (LE) analysis was performed on the 54 gene sets from MSigDB c2 analysis (PR-B EtOH vs. R5020) that achieved FDR values 0.05.
Tumor explants
Tumor explant processing and treatments were done as described previously (8) . Raw FASTQ data was reanalyzed using the VIPER RNA sequencing (RNA-seq) pipeline (https://bit bucket.org/cfce/viper/) at Center for Functional Cancer Epigenetics (CFCE) at the Dana-Farber Cancer Institute (Boston, MA). For visualizing gene expression data, we used heatmap.2 function of gplots package in R programming language.
Immunoblotting
Immunoblotting/Western blotting was performed as described previously (13, 14) . Membranes were probed with primary antibodies recognizing total PR (Santa Cruz Biotechnology, sc-7208 or Thermo Fisher Scientific, MS-298-P), IRF9 (Cell Signaling Technology, 76684), IFIT1 (Cell Signaling Technology, 14769), IFIT3 (Santa Cruz Biotechnology, sc-393512), OAS1 (Cell Signaling Technology, 14498), and ERK (Cell Signaling Technology, 9102). All Western blotting experiments were performed in triplicate, and representative experiments are shown.
siRNA/shRNA ON-TARGETplus SMARTpool (a pool of four individual siRNAs) designed to target human PR was purchased from Dharmacon (L-003433-00), as were nonsilencing (NS) siRNA controls (D-001810-01-05) and the suggested DharmaFect 1 Transfection Reagent (T-2001-03). For siRNA experiments, the cells were plated at a density of 3 Â 10 5 cells per well in a 6-well plate. Twenty-four hours following plating, T47D-co cells were transfected with 25 nmol/L NS or PR siRNA per the manufacturer's siRNA transfection protocol. At 48 hours posttransfection, the cells were starved in serum/phenol red-free IMEM (Gibco, A10488-01). At 72-hour posttransfection, the cells were treated with EtOH or 10 nmol/L R5020 for 6 hours. Subsequent RNA isolation and qPCR experiments were carried out and analyzed as described below. PR shRNA knockdown cells were created using viral particles (GE/Dharmacon) targeting three different regions of human PR. Viral transduction protocol was followed as per the manufacturer's instructions. Transduced, stable cell line pools expressing NS or PR shRNA were created in T47D-co or T47D-YB cells following 14 days of selection in 2.5 mg/mL puromycin (MP Biomedicals). Target si/shRNA sequences are listed in Supplementary Table S1 .
Luciferase transcription assays pGL4.45[luc2P/ISRE/Hygro] luciferase construct (Promega) was stably integrated in HeLa and HeLa-PR cells using Hygromycin selection. Luciferase assays were performed as described previously (17) using the Dual Luciferase Reporter Assay (Promega). Starved cells were treated for 18 hours with 10 nmol/L R5020 and/or 10,000 IU/mL IFNa.
qPCR
RNA isolation, cDNA creation, and qPCR were performed as described previously (13, 14) , with modifications noted here and in the figure legends. qPCR was performed using the FastStart Essential DNA Green Master (Roche) on a Roche LightCycler96. Relative concentrations were quantified using the LightCycler96 (Roche, Software 1.1, Absolute Quantification Analysis), using a 6-point standard curve. Primer sets are listed in Supplementary  Table S1 . Relevant genomic sequence information is based on GR37 hg19.
ChIP assays
Chromatin immunoprecipitation (ChIP) was performed using the ChIP-IT Express Kit (Active Motif) according to the manufacturer's instructions using sonication for chromatin shearing. Lysates were immunoprecipitated (IP) overnight (18 hours) with the following antibodies: PR (Santa Cruz Biotechnology, sc-7208), STAT2 (Santa Cruz Biotechnology, sc-476), IRF9 (Santa Cruz Biotechnology, sc-10793), H3K27ac1 (Cell Signaling Technology, 8173), or an equal amount of negative control mouse or rabbit IgG. Resulting DNA was analyzed using qPCR as described above, and data are represented as a percentage of input DNA. In silico analysis was performed using MatInspector (Genomatix) to identify potential PRE-binding sites. Primer sets are listed in Supplementary Table S1 .
Statistical analysis
Statistical significance for all experiments was determined using an unpaired Student t test, unless otherwise specified. A P 0.05 is considered statistically significant. The Delta method was used to calculate standard deviation for the ratio of two variables using their individual SDs, as seen when plotting fold relative RNA expression data between two treatment groups/ cell lines (18) .
Results
IFN gene sets enriched in PR-regulated transcriptional dataset
GSEA is a powerful computational tool for comparing gene expression datasets of interest (i.e., genes regulated by PR) to published gene sets culled from the literature (15, 16) . Using GSEA, we analyzed our previously published microarray dataset from ligand (synthetic progestin; R5020)-treated T47D breast cancer cells stably expressing full-length PR (GEO:GSE46850; ref. 13) . GSEA revealed that multiple IFN-related gene sets (examples shown in Fig. 1A ) were significantly enriched in the absence of ligand; this enrichment was lost in cells treated with ligand, representing a negative correlation between ligand treatment and enrichment with IFN-related gene sets. Nearly 20% of the top significantly regulated gene sets (54 sets with an FDR 0.05) are IFN-related gene sets (select sets shown in Fig. 1B ). As enrichment in these gene sets is lost in progestin-treated cells, these data imply that IFN gene programs are repressed/lost in response to ligand. LE analysis is a component of GSEA that allows one to identify individual genes that are present in multiple highly significant gene sets (i.e., core genes that drive the enrichment of a particular gene set). LE analysis identified multiple genes that are transcriptional targets of IFN signaling pathways (i.e., IFITs, IRF7, OAS1/2, STAT1, and MX2) whose regulation is lost in ligand-treated cells (Fig. 1C ). These genes, classically activated by IFNs, are collectively referred to as ISG. Cumulatively, these computational data suggest that IFN gene programs are negatively regulated by progestins.
ISGs are downregulated by progestins in human breast cancer
We used a human tumor-explant model, previously described by Singhal and colleagues (8) , to determine whether progestindependent ISG downregulation occurs in human breast tumors. Sliced portions of estrogen receptor (ER)/PR-positive tumors from 8 patients were obtained during surgical breast cancer resection. These tumor samples were grown in an ex vivo culture system in media containing vehicle (EtOH) or R5020 (24-48 hours). RNA-seq was performed on cultures of each tumor sample; these data were analyzed for ISG repression following R5020 treatment. The heatmap in Fig. 2 shows fold expression (R5020/ vehicle), for RNA-seq data obtained from all 8 patients, for select ISGs. There is a clear trend toward transcriptional repression for ISGs in patient ex vivo tumor explants. These data indicate that ISGs are regulated by progestins not only in human breast cancer cell lines (Fig. 1) , but, importantly, in human breast tumors as well (Fig. 2) .
ISG repression is PR dependent
To further characterize the mechanism through which progestins regulate ISG expression, we studied progestin-dependent ISG repression in multiple breast cancer cell line models. A brief note about our most frequently used model system: PR is an important target gene of ER and, as such, PR expression is regulated by estrogen in most tissues (19, 20) . To differentiate between the effects of ER/estrogen and PR/progesterone, our laboratory uses PR-positive (T47D-co) and PR-null (T47D-Y) variants of the ER/ PR þ breast cancer cell line, T47D (21) . T47D-co cells endogenously express both isoforms of PR, PR-A and PR-B, without the need for exogenously added estrogen, allowing us to study the function of PR without the confounding effects of estrogen. T47D-Y cells can also be used to reintroduce single isoform variants or mutants of PR, such as PR-A (T47D-YA cells) and PR-B (T47D-YB cells) or DNA-binding mutant PR (T47D-PRBmDBD). We have published extensively using these cell line models to define isoform-and phosphorylation-specific PR gene regulation and protein-protein interactions (13, 14, (22) (23) (24) , and this cell line model remains a powerful and well-established system for studying PR activity (5).
To characterize regulation of ISGs by progestins, we analyzed RNA levels of ISGs selected from the LE gene list in T47D-co breast cancer cells. T47D-co cells were treated for 6 hours with synthetic progestins (R5020 or medroxyprogesterone acetate), native progesterone, or vehicle (EtOH); isolated RNA was used for qPCR analysis. For the ISGs we assayed, six of which are shown in Fig.  3A , expression was transcriptionally repressed (2-to 10-fold) by all progestins, both synthetic and native. Individual gene validation (such as those shown in Fig. 3A , and data not shown) and microarray data mining (13) showed that this transcriptional repression is conserved for a large cohort of ISGs. Progestindependent ISG transcriptional downregulation can be mediated via both isoforms of PR, as T47D-Y cells stably expressing either PR-B or PR-A can both repress ISG RNA levels, although PR-B appears to have greater transcriptional repressor activity on the ISGs assayed ( Supplementary Fig. S1A ). In addition, because the T47D-co cells are unique in that exogenous estrogen is not needed for PR expression, we verified that ISG transcripts were repressed following progestin treatment in unmodified, parental T47D cells grown in an estrogenic environment (T47D-ATCC; Supplementary Fig. S1B ). To determine whether repression of ISGs by PR is cell-type specific, we stably expressed PR-B in HeLa cells (normally PR-null) and observed ISG transcriptional repression in response to progestin treatment ( Supplementary Fig. S1C ). Finally, this transcriptional repression was associated with a concomitant decrease in ISG protein levels. ISG proteins were assayed from T47D-co breast cancer cells treated with ligand (R5020; 18 hours); decreased protein levels were observed for all ISGs assayed via Western blotting (Fig. 3B) . Cumulatively, these data suggest that ligand-activated PR promotes the downregulation of ISG RNA and protein levels.
To determine whether ISG transcriptional repression following progestin treatment is dependent upon PR, we assayed ISG transcript levels in cells where PR expression was knocked down using a pool of four siRNAs. T47D-co cells transiently transfected with NS or PR siRNA were treated with vehicle or R5020 for 6 hours, and RNA was analyzed using qPCR. ISG transcriptional repression in response to ligand was lost in cells with PR knockdown ( Fig. 4A ; PR knockdown efficiency shown in Fig. 4B ). These data were repeated in cells stably expressing PR shRNA (Supplementary Fig. S2) . Surprisingly, basal levels (vehicle treated, in the absence of progestin) of ISGs were markedly higher in cells lacking PR (compare vehicle bars between NS and PR siRNA for each gene shown in Fig. 4A ). Basal levels of select ISGs were increased 1.5-to 3.5-fold when PR expression was knocked down using siRNA (Fig. 4C) . These data indicate that PR has ligand-independent functions that appear to maintain low levels of ISG expression. Moreover, when ISG expression was assayed in two PR-negative (triple negative, lacking ER/PR/HER2) breast cancer cell lines, we saw a similar phenotype: no ISG repression in response to ligand and high basal levels of ISGs ( Supplementary Fig. S3 ). Together, these data indicate that PR attenuates ISG expression, even in the absence of ligand, suggesting a concerted biological program aimed at PR-dependent downregulation of ISGs.
IFN activation of ISGs is repressed by ligand-activated PR
Most typically, ISGs are activated in response to IFNs in specialized cell types of the innate immune system, such as dendritic cells. However, all cell types have the capacity to produce and respond to IFNs (including fibroblasts and epithelial cells), as long as the proper receptors (IFNARs) and transcriptional machinery are intact (10) . Although our T47D-co cells do not secrete endogenous IFNs (measured using highly sensitive ELISA assays designed to detect picomolar concentrations; data not shown), they retain their response to exogenous treatment with IFNa by transcriptionally upregulating ISGs (Fig. 5) . Interestingly, when we cotreated cells with IFNa and progestin (R5020), we found that progestin treatment attenuated the IFNa-induced ISG transcriptional response, reducing it to near baseline levels (Fig.  5) . We concluded from these data that ligand-activated PR can repress ISG transcripts in response to IFNa.
PR DNA binding needed for ISG transcriptional repression
There are many potential mechanisms through which PR can mediate transcriptional repression of target genes (25) . To determine whether DNA binding by PR is required to mediate ISG transcriptional repression, we employed a well-characterized DNA-binding domain (DBD) mutant of PR (PR-mDBD). This mutant contains a single point mutation at Cys587, located within the first zinc finger of the PR DBD, which abolishes PR's ability to bind DNA (26) . Using T47D-PRB-mDBD cells, we measured the capacity of mDBD PR to repress ISG transcription. T47D cells stably expressing wt PR-B (T47D-YB, described above) robustly repress ISG transcription in response to ligand; this effect is lost in T47D-PRB-mDBD cells (Fig. 6A) . These data suggest PR binding to DNA is required for ISG transcriptional repression. IFNa-activated ISG transcription is regulated through ISREs, DNA sequences where the ISGF3 complex (STAT1, STAT2, and IRF9) binds and activates transcription. To test whether PR repressed transcription via direct or indirect binding to ISRE sequences, we used an ISRE-luciferase reporter construct stably expressed in Hela or Hela-PR cells. ISRE-linked luciferase activity was unaffected by the presence of PR or its ligand in either cell line (Fig. 6B) ; no changes were seen basally or in response to IFNa treatment. These data imply that PR does not repress ISG transcription by binding to or blocking the ISRE promoter element directly.
PR is recruited to ISG enhancers
To determine whether PR is directly recruited to promoters/ enhancers that regulate ISG transcription, we used ChIP to detect PR binding at ISG-regulatory regions. As mentioned above, ISGs are regulated by promoter proximal ISREs, typically within 100 bp of ISG transcriptional start sites (TSS; ref. 27 ). Using published ChIP-seq data for ligand-activated PR binding (6), we identified that all ISGs we assayed exhibited PR binding in their promoter/enhancer regions. It is well documented that nuclear receptors often bind in intragenic or distal (>40 kb away from the TSS) enhancer regions of the genes they regulate (28-32); PR binding to ISG enhancers falls well within this range (À18 kb to þ5 kb). We identified individual PREs within these binding sites using in silico analysis. Figure 7A (left) highlights the position of the PREs and ISREs (ISREs defined in ref. 27 or through ENCODE STAT1/2 ChIP-seq binding data; refs. 33-35) in relation to the TSS for select genes assayed via ChIP-qPCR for PR and ISGF3 (STAT1/STAT2/IRF9) binding. Using PR ChIP-qPCR analysis following R5020 treatment, we showed robust PR recruitment to enhancer regions of multiple ISGs ( Fig. 7A ; Supplementary Fig. S4) ; recruitment of PR to the IFIT3 promoter (Fig. 7A) is shown. All subsequent ChIP-qPCR results will be ISGs are repressed by ligand-activated PR. A, T47D PR-positive breast cancer cells (T47D-co) were starved for 18 hours in serum-free media, followed by treatment with 10 nmol/L R5020, 10 nmol/L medroxyprogesterone acetate (MPA), 100 nmol/L native progesterone, or vehicle for 6 hours. Isolated RNA was analyzed for select genes. Gene values were normalized to an internal control (b-actin). Error bars represent SD between biological triplicates. Asterisks represent statistical significance between the vehicle-treated groups and all treatment groups (R5020, MPA, and progesterone); P < 0.05, as determined using an unpaired Student t test. This experiment was performed in triplicate, and a representative experiment is shown here. B, T47D-co cells were starved for 18 hours in serum-free media and then treated with 10 nmol/L R5020 or vehicle for 18 hours. Protein lysates were analyzed via Western blotting. ERK represents the loading control.
shown for the IFIT3 promoter as a representative example of protein recruitment to all ISG enhancer regions assayed and summarized in Fig. 7A .
Although STAT1/STAT2/IRF9 historically comprise the ISGF3 transcription factor complex, IRF9 and STAT2 complexed together (in the absence of STAT1) can recapitulate ISRE-mediated transcription (36) . We therefore focused on how PR activation alters STAT2/IRF9 recruitment to ISG promoter regions. We observed robust recruitment of STAT2 and IRF9 to ISREs following treatment with IFNa (Fig. 7B) . Interestingly, IFN-stimulated STAT2/ IRF9 recruitment was decreased in the presence of PR ligand. Basal STAT2/IRF9 occupancy in the absence of IFN is too low (at/above IgG levels) to generate a consistently robust signal from ChIPqPCR. However, a trend exists toward STAT2/IRF9 loss when comparing vehicle and R5020 in the absence of IFNa (Fig. 7B -compare vehicle and R5020 bars). This observation (loss of STAT2/IRF9) is potentiated when IFNa treatment, in combination with PR ligand, is used. Moreover, we see a potent increase in H3K27ac1, a histone mark indicative of activated transcription and open chromatin, following treatment with IFN. Treatment with PR ligand decreases the levels of H3K27ac1, suggesting that recruitment of PR (and loss of STAT2/IRF9) leads to active repression of these enhancers. Finally, in T47D-co cells where PR expression was knocked down using shRNA directed against PR (or a nonsilencing control; NS), recruitment of STAT2/IRF9 was potently enhanced in response to IFNa, indicating that the Figure 5 . IFN-activated ISG expression is repressed by ligand-activated PR. Following an 18-hour starvation in serum-free media, cells were treated for 18 hours with IFNa (20 IU/mL) or vehicle (water) for 18 hours, followed by R5020 (10 nmol/L) or vehicle (EtOH) for 6 hours. Isolated RNA was analyzed for expression of IFIT1, IFIT2, and IFIT3. Gene expression values were normalized to an internal control (b-actin). Error bars represent SD between biological triplicates. Asterisks represent statistical significance between the respective vehicle and R5020-treated groups; P < 0.05, as determined using an unpaired Student t test. This experiment was performed in triplicate, and a representative experiment is shown here. ISG repression is PR dependent. A, T47D-co cells were transfected with nonsilencing (NS) or a pool of four PR siRNAs. Forty-eight hours following siRNA transfection, cells were starved for 18 hours, followed by 10 nmol/L R5020 or vehicle for 6 hours. Isolated RNA was analyzed for select genes. Gene values were normalized to an internal control (b-actin). Error bars represent SD between biological triplicates. Asterisks represent statistical significance between the vehicle and R5020-treated groups; P < 0.05, as determined using an unpaired Student t test. This experiment was performed in triplicate, and a representative experiment is shown here. B, PR knockdown efficiency by siRNA was determined using relative PR levels between the NS and PR siRNA transfected cells. Asterisks represent statistical significance; P < 0.0001. C, Fold increases in basal (no ligand) ISG expression between PR and NS siRNA transfected cells. Error bars represent the SD for the ratio of two variables using their individual SDs, calculated using the Delta method.
presence of PR (ligand-independent) decreases ISG promoter occupancy of ISGF3 components (Fig. 7C) . Cumulatively, these data suggest that PR blocks/decreases efficient STAT2/IRF9 recruitment to ISRE regulatory regions, thereby decreasing transcription of ISGs. The ligand-dependent loss of STAT2/IFR9 occurs when the PRE and ISRE sequences are both located in the proximal promoter regions (as is the case with IFIT3), as well as when the PR-binding sites occur upstream of the ISRE (data not shown). The details regarding how PR recruitment destabilizes STAT2/ IRF9 DNA binding/recruitment are the subject of our ongoing experiments.
Discussion
Herein, we demonstrate that PR transcriptionally represses ISGs in human breast cancer. This represents a novel class of genes previously unknown to be regulated by PR. Although regulation of ISGs has been well defined in response to IFNs, PR-dependent repression contributes a novel layer of ISG regulation. We show PR-mediated ISG repression in breast cancer cell lines, as well as in tumor explants from breast cancer patients. In addition, ISG repression exists in response to PR ligand, as well as in unliganded (basal) conditions. These data indicate a concerted PR-dependent effort aimed at maintaining low ISG levels in breast cancer.
The cancer immunoediting hypothesis highlights that the innate and adaptive immune responses work together to flag early neoplastic lesions for immunomediated elimination (11) . An early mediator of this elimination process is activation of type I IFN signaling (10) . Thus, suppression of type I IFN signaling may help developing tumors evade the critical early steps of immune recognition and subsequent clearance, allowing nascent tumors to progress. In vivo studies support this notion. For example, female STAT1 knockout mice, lacking a key upstream activator of type I IFN signaling, develop mammary gland adenocarcinomas (37) . We show that PR represses the end product of IFN signaling, ISG transcription, suggesting that progesterone, working through PR, may be a key player in tumor immune evasion. A number of previous observations support the importance of the mechanism we described, in the development of breast cancer. For example, 70% of breast cancers are ER/PR positive at the time of diagnosis, and recent data have suggested a positive correlation between PR positivity in benign, normal breast tissue and risk for the development of breast cancer (38) . Moreover, >90% of the mammary gland tumors that form in the STAT1-deficient mice are ER/PR positive and have gene expression profiles that mimic the luminal ER/PR-positive molecular subtype of breast cancer (37) . These data suggest there is protumorigenic cross-talk between PR and IFN signaling pathways.
Downregulation of multiple components of IFN signaling has been correlated with increased tumor incidence and metastasis. Mice lacking IFNAR, the IFNa-binding receptor that initiates JAK/STAT signaling, which culminates in ISG transcription, have enhanced tumor development, impaired ability to reject syngeneic/allogenic tumors, and accelerated metastasis in a spontaneous mouse mammary gland tumor model (39, 40) . A recent report shows that IFNAR inactivation in tumor-associated stroma Figure 6 . PR DNA-binding required for ISG transcriptional repression. A, Following an 18-hour starvation in serum-free media, T47D-YB or T47D-PRB-mDBD cells were treated for 6 hours with vehicle or 10 nmol/L R5020. Isolated RNA was analyzed for select genes. Gene values were normalized to an internal control (b-actin). Error bars represent SD between biological triplicates. Asterisks represent statistical significance; P < 0.05, as determined using an unpaired Student t test. B, HeLa and HeLa-PR cells that were stably transfected with an ISREluciferase were starved for 24 hours, followed by an 18-hour cotreatment with IFNa (or water) or 10 nmol/L R5020 (or EtOH). Luciferase assays were performed as described in the "Materials and Methods" section. Error bars represent SD of biological replicates. The experiments in A and B were performed in triplicate, and representative experiments are shown here.
leads to an immune-privileged niche for developing colon cancers (41) . Type I IFNs, in particular, and dendritic cells have been shown to be critical to tumor cell rejection, and therefore immunosurveillance (42) . Moreover, IFN-regulatory factor 7 (IRF7) and its downstream targets (many of which are ISGs shown herein to be repressed by PR), are suppressed in the aforementioned mammary gland tumor metastasis model; restoration of IRF7 signaling suppressed bone metastasis (39) . Finally, expression of an IFN gene signature in a cohort of breast cancer patients was correlated to a lower frequency of breast cancer metastasis (43) . Cumulatively, these data suggest mounting evidence that IFN signaling is correlated with tumor development and metastasis. Conversely, high/increased ISG expression has been linked to poor prognosis in more advanced tumors. An IFN-related DNA damage resistance signature has been defined by Weichselbaum and Minn that is associated with chemotherapy, radiation, and most recently, immunotherapy resistance in multiple tumor types, including breast (12, (44) (45) (46) . Therefore, ISG expression, and subsequently the effect of ISGs on tumor growth, may vary by tumor stage (early vs. late).
Other nuclear receptors, most notably the glucocorticoid receptor (GR), have been implicated in modulating IFN and inflammatory responses. Inhibitory interactions between GR and AP1/NF-kB have been shown to inhibit a broad range of inflammatory functions, largely through a mechanism termed transrepression. In this mechanism, GR tethers to DNA-bound transcription factors/regulatory proteins and affects cofactor recruitment and subsequent gene regulation (reviewed in ref. 47 ). Of note, GR has been shown to repress ISG transcription in a cell-type-specific manner in macrophages by squelching away an ISGF3 cofactor, GRIP1 (glutamate receptor interacting protein 1), needed for IFNdependent activation of ISGs in macrophages (48) . In this instance, the repression was independent of GR binding to DNA, although ligand-activated GR effectively repressed ISRE-luciferase Figure 7 . PR diminishes recruitment of STAT2/IRF9 to ISG promoters. A, Left, table summary of ISG promoters/enhancers assayed by ChIP-qPCR for PR, STAT2, and IRF9 recruitment. Location of IFN-stimulated response elements (ISRE) and progesterone receptor response elements (PRE) from the transcriptional start site (TSS) of each gene is shown in kilobases (kb). Right, T47D-co cells were serum starved for 18 hours. Cells were then treated with 10 nmol/L R5020 or vehicle for 30 minutes. Fixed lysates were subjected to ChIP with antibodies against PR or a species-specific IgG (control; not shown), and qPCR was performed on the isolated DNA using primers designed to amplify the IFIT3 promoter. A percentage of ChIP'd DNA over input DNA is shown. B, T47D-co cells were serum starved for 18 hours. Cells were then treated with 10 nmol/L R5020, 1,000 IU/mL IFNa, or a cotreatment of both (or appropriate vehicle controls). Fixed lysates were subjected to ChIP with antibodies against STAT2, IRF9, H3K27ac1, or a species-specific IgG (control; not shown), and qPCR was performed on the isolated DNA using primers designed to amplify the IFIT3 promoter. A percentage of ChIP'd DNA over input DNA is shown. C, ChIP experiments were performed as in B, but T47D-co NS and PR shRNA cells were used, with only IFNa treatment. All ChIP experiments were performed in triplicate; a representative experiment is shown here. Fold recruitment in treated conditions (R5020, IFNa, or combination), as compared with vehicle treatment, is displayed above each bar. Error bars represent SD of technical replicates.
activity. This is in contrast to our findings (Fig. 6B) where PR ligand treatment was not able to repress an ISRE-luciferase construct, implying that PR-dependent ISG repression occurs via a mechanism independent of cofactor squelching. Our data suggest that PR-mediated repression of ISGs in breast cancer cells occurs through a different mechanism than that proposed for GR-mediated ISG repression in macrophages, perhaps indicating cell typeand nuclear receptor-specific regulation. Recent work, however, suggests that select GR-dependent gene repression events may require direct GR binding to DNA through GR response elements (GRE). These GREs are in close proximity to AP1 and NF-kBbinding sites. GRE-mediated binding of GR leads to recruitment of GRIP1, the aforementioned ISGF3 cofactor and known GR corepressor, leading to repressive changes in the chromatin and subsequent gene repression (49) . This mechanism has similarities to the mechanism we propose herein for PR-mediated, and PREdependent, ISG transcriptional repression. Because we observe decreased recruitment of ISGF3 components (STAT2 and IRF9) to ISRE promoter sequences following PR activation and recruitment of PR to PREs, we favor a model where protein displacement or steric competition occurs between PR and STAT2/IRF9. We recognize that transcriptional repression is complex, and a combination of mechanisms may contribute to PR-dependent ISG repression. Our future work is focused on detailing this mechanism(s).
Although PR gene activation has been well characterized, the mechanisms through which PR represses transcription remain poorly understood. Various mechanisms have been put forth for PR-mediated transcriptional repression, and are similar to what has been well characterized for GR-mediated repression (squelching of cofactors, recruitment of corepressors, chromatin remodeling; reviewed in ref. 25) . A recent study details ligand-dependent recruitment of PR, an HP1g-LSD1 repressive complex, and BRG1 to repressed target gene promoters/enhancers. This repressive complex leads to ligand-dependent changes in chromatin architecture that result in transcriptional repression (50) . Although we observed a decrease in activating histone marks at ISG enhancers following treatment with PR ligand (Fig. 7B) , preliminary data show that knockdown of BRG1, LSD1, or HP1g had no effect on PR-dependent transcriptional repression of ISGs (not shown), suggesting an alternative (non-HP1g/LSD1-dependent) mechanism for PR-mediated ISG transcriptional repression. Experiments to investigate PR-dependent recruitment of other chromatin modifiers to ISG enhancers are currently under way.
In summary, our results show novel PR-dependent repression of ISG transcription. These data have significant implications for the regulation of IFN signaling in breast cancer and provide a putative mechanism through which nascent breast cancers may avoid immunosurveillance. Future directions will be aimed at understanding what effect PR-dependent downregulation of ISGs has on breast cancer development and progression.
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